Introduction 52
Biomarkers have increasingly become common tools in the reconstruction of past 53 environmental conditions. Molecular analyses of terrestrial biomarker lipids extracted from 54 ocean, lake and bog sediments have been used for reconstructions of paleovegetation and 55 associated paleoclimate histories (e. . In this study, we applied for the fist time the 102 molecular distributions and compound specific stable carbon and hydrogen isotopic 103 compositions of n-alkanes to study the source and transport of terrestrial plant biomarkers in 104 river water system. Here, we discuss the applicability of this combined approach for 105 identifying sources and transport processes of terrestrial plant biomarkers in a small 106 catchment system. 107 108
EXPERIMENTAL 109

Sampling site 110
Hokkaido University's Uryu experimental Forest is located in northern Hokkaido, Japan 111 (about 44˚2N, 142˚1E; Fig. 1 ) and is characterized as a cool temperate forest covered with 112 broad-and needle-leaf trees and by many streams, ponds and lakes. The total area of the 113 drainage basin is 3165 ha, total annual rainfall is more than 1000 mm/years and relative 114 humidity is high (> 75 %) throughout the year. This watershed is characterized by the 115 presence of a deep snowpack (about 2 m) for a long period (November to May). (0-90 cm depth) were collected from three sites in the forested and upland areas (Sites A, B 138 and C) (Fig. 1) . Vegetation in all sites is composed of deciduous and coniferous trees. 139
However, deciduous trees dominate over coniferous tree as an overstory at the highest 140 elevation (Site A), while coniferous trees are more important at the mid (Site B) and low 141 elevation sites (Site C). Surface peat and peat cores (0-120cm depth) (Sites D, E and F) were 142 collected in the lowland wetland area of the catchment. Lake surface sediments (0-5 cm 143 depth) were collected in Lake Shumarinai at the mouth of Dorokawa River (Site G) and at 144 sites distal to the river mouth (Sites H and I). Forest soil and wetland peat cores were cut 145 every 10cm except for the Site D peat core, which was cut every 30 cm. All the sample 146 sections were freeze-dried and stored at -20 ˚C before analyses. River waters were seasonally 147 collected at 7 sites ( components were isolated by extraction with n-hexane/dichloromethane (10:1). Aliphatic 156 hydrocarbons were separated from other fractions on a silica gel column by eluting with 157 n-hexane. Subsequently, the aliphatic hydrocarbon fraction was separated into saturated and 158 unsaturated aliphatic hydrocarbon fractions by silver nitrate-impregnated silica gel (10 wt%) 159 chromatography for compound-specific δD and δ 13 C measurements of n-alkanes. The 160 saturated fraction was eluted with n-hexane, whereas the unsaturated fraction was 161 subsequently eluted with n-hexane/dichloromethane (2:1). 162 n-Alkanes were analyzed using a HP6890 GC equipped with an on-column injector, 163 CPSIL-5 CB fused silica capillary column (60 m length, 0.32 mm i.d., film thickness 0.25 164 µm) and flame ionization detector (FID). The GC oven temperature was programmed from 50 165 ˚C to 120 ˚C at 30 ˚C/min and then 120 ˚C to 310 ˚C at 5 ˚C/min. Quantification of lipid 166 compounds was achieved by GC/FID using an authentic n-alkane mixture as an external 167 standard. Each compound was identified by GC/mass spectrometry based on retention times 168 and mass spectra. A Trace GC equipped with an HP-5MS fused silica capillary column (30 m 169 length, 0.32 mm i.d., film thickness 0.25 μm) interfaced directly to a mass spectrometer was 170 used for indentifying organic compounds. The temperature program for the GC/MS analysis 171 was the same as the GC/FID analysis. 172 173
Stable carbon and hydrogen isotope analyses 174
Compound-specific δ 13 C values of individual n-alkanes were determined using a gas 175 chromatography-isotope ratio mass spectrometry (GC-IRMS) system, which consists of a HP 176 6890 GC equipped with a DB-5 fused silica capillary column (30 m × 0.32 mm i.d., film 177 thickness 0.25 µm) and an on-column injector, a combustion interface (Finnigan GC 178 combustion III), and a Finnigan MAT delta Plus mass spectrometer. The GC oven temperature 179 was programmed from 50 ˚C to 120 ˚C at 30 ˚C min -1 , then 120 ˚C to 310 ˚C at 5 ˚C min -1 . 180
The separated compounds from the GC were introduced on-line to the ceramic tube 181 combustion reactor (850 ˚C) that contained thin CuO and Pt wires. The former wire provides 182 oxygen and the latter acts as a catalyst. In duplicate analyses of selected samples, standard 183 deviations for δ 13 C of n-alkanes were found to be within 0.5 ‰ ( δD of river water was measured using an IsoPrime PyrOH system (GV-instruments), in 206 which H 2 O is converted to H 2 gas by the chromium-reduction method at 1050 ˚C and 207 introduced into an isotopic ratio mass spectrometer together with the He carrier gas. At the 208 beginning of measurements on a given day, two kinds of standard water were analyzed to 209 determine the SMOW/SLAP scale. Each water sample was measured in triplicate and the 210 standard water also analyzed every 10 samples to account for instrument drift of δD values. 211
The analytical precision (1s) in triplicate measurements is about 0.5 ‰. 212 C 27 /C 31 ratios (0.87-1.62) compared to other sites. The high C 27 /C 31 ratio suggests a greater 277 contribution from tree leaf-derived waxes rather than grasses and aquatic plants. 278 The molecular distributions and concentrations of n-alkanes also vary significantly with 279 depth in both forest and wetland samples (Fig. 4) . In forested soils, some profiles seem to 280 have a relationship with depth. In particular, remarkable changes with depth are observed in 281 concentrations and the C 27 /C 31 ratios of n-alkanes that are relatively high in surface soils, but 282 decreased substantially with depth at all sites ( Fig. 4a and 4d ). CPI and ACL values also show 283 increses with depth at Sites B and C. In contrast to forested soils, concentrations and 284 molecular distributions in wetland samples do not show any increase or decrease with depth 285 except for Site E where CPI, C 27 /C 31 and P aq show a decreasing trend with depth. 286 Down core profiles of n-alkanes at Sites A-C and E possibly result from alternation of 287 n-alkanes during early diagenesis and/or changes in vegetation in the past. In the forest area, 288 the decreases in concentration down the soil profiles are apparently a result of the degradation 289 of n-alkanes during early diagenesis. Similar depth profiles have been reported in three types 290 of soil collected from British uplands (Huang et al., 1996) . Decreasing ACL and C 27 /C 31 with 291 depth is probably largely due to preferential degradation of low molecular weight n-alkanes in 292 the soils rather than changes in vegetation in the past. In a study of Scandinavian peat, it has 293 been found that, in parallel with humification, the major n-alkane homologue changed from 294 C 25 and C 27 to C 31 , suggesting selective removal of shorter chain n-alkanes in the humification 295 process (Lehtonen and Ketola, 1993). In contrast, the down-core profile of molecular 296 distributions in the wetland sites (D and F) largely reflects changes in input of vegetation in 297 the past rather than diagenetic alternation, given the greater preservation potential of organic 298 matter in wetlands due to anoxic conditions. The large amounts of n-alkanes at all depths in 299 the wetland cores suggest that, although the wetland area is smaller than the forested area, it 300
represents an important resevoir of n-alkanes in the catchment area. 301 302
Compound-specific stable carbon and hydrogen isotopic compositions 303
The stable carbon isotopic signature of terrestrial plants largely depends on carbon 304 fixation pathway, but is also controlled by plant physiology. Bulk C 3 plant tissues have lower 305 isotopic values (δ 13 C ≈ -25 ‰ to -28 ‰) while that of C 4 plants have higher values (δ 13 C ≈ 306 -10 ‰ to -14 ‰) (Smith and Epstein, 1971 ). Concentrations of atmospheric CO 2 , which 307 decreases with elevation, also influence the δ 13 C of terrestrial plants. However, since altitude 308 differences among the sampling sites are small (~400 m) in this study, the effect is negligible. (Table 2 ). This indicates that the main source of long-chain 329 n-alkanes in the soil samples is C 3 angiosperms rather than C 3 gymnosperms. This may 330 suggest that the n-alkane content of angiosperm leaf wax is much greater than that of 331 gymnosperms. 332
Depth profiles at Site B and C showed that the C 25 -C 31 n-alkanes are gradually enriched 333 in 13 C with depth by up to 3 ‰ ( On the other hand, δ 13 C enrichment with increasing depth has not been observed in wetland 340
sites. This suggests that δ 13 C variations of peat core sequences largely reflect changes in δ 13 C 341 of source plants in the past. Although molecular distributions showed distinct differences 342 between forest and wetland samples, no clear difference was observed in δ 13 C profiles. A 343 one-way analysis of variance (ANOVA) shows there is no significant difference between δ 13 C 344 values of C 25 -C 33 n-alkanes in forest and wetland (P = 0.559). This indicates that the δ 13 C 345 approach is not sensitive enough to differentiate the sources of organic matter in the 346 catchments. 347
The δD values of C 23 -C 33 n-alkanes in the catchment show a wide range from -186 to 348 -245 ‰ and are depleted in deuterium relative to environmental waters (-80 ~ -72 ‰) ( Table  349 3 and wetland, are rather consistent with the wetland samples. In contrast to the δ 13 C profile, 357 enrichment or depletion in deuterium is independent of the n-alkane carbon number (Table 3) . 358
Similarly, increasing or decreasing trends with depth are not apparent in the δD profile of the 359 n-alkanes at soil Site C (Fig. 6) . 360
These considerations suggest that early diagenesis does not significantly alter the δD 361 values of n-alkanes in the soil and peat. In fact, a strong propensity for n-alkane δD values to 362 retain their original isotopic compositions has been suggested by some studies (Yang and 
It is expected that relative humidity is higher in the wetland than in the forested area and 381 the degree of evaporation at soil and leaf surfaces is larger in the forested area than the 382 wetland, leading to δD enrichment of leaf water in forest plants compared to wetland grasses. 383 
Delivery processes and sources of sedimentary organic matter in Lake Shumarinai 410
In order to infer sources of n-alkanes in lacustrine sediments, we compared molecular 411 distributions of the forest and wetland soils to those of lacustrine sediments. To further assess the sources of sedimentary n-alkanes, we plot δ 13 C and δD values of 422 C 25 -C 31 odd n-alkanes (Fig. 8) . Based on the δ 13 C v.s. δD diagram, we can discriminate the 423 sources of individual n-alkanes in the lake sediments. In contrast to the molecular distribution 424 approach, hydrogen isotopic analyses allows source discrimination. All the n-alkanes from 425
Sites H and I plot in the same area as forest soil n-alkanes (Sites A to C) while n-alkane from 426 sedimentary Site G is plot in the group of wetland Sites D to F or on the mixing line between 427 forest and wetland. Thus, based on the δ 13 C v.s. δD diagram, it is suggested that C 25 -C 31 odd 428 n-alkanes in Sites H and I could be mainly derived from upstream forest soils. Sedimentary 429 C 25 -C 31 odd n-alkanes in Site G may be largely contributed from wetland soil in the lower 430 reaches of the Dorokawa stream system or be associated with both forest and wetland inputs. 431
Therefore, considering the result of compound-specific hydrogen isotopic analyses, we 432 speculate that the difference in the molecular distributions between lake sediments is due to 433 limited number of soil samples in the catchment area. In fact, the high C 27 /C 31 ratio in offshore 434 sediments (Sites H and I) suggests that tree leaf wax is a plausible source, being consistent 435 with the δD values that clearly exhibit an input of forest tree derived n-alkanes in offshore 436 sites. The similar molecular distribution of Site G to forested soil samples suggests a possible 437 contribution from several sources to Site G. As shown in Alternatively, it is also possible that relatively high C 27 /C 31 ratios in offshore sites can be 456 ascribed to a large atmospheric input of tree leaf waxes to local offshore sites (Gagosian and 457 Peltzer, 1986; Kawamura et al., 2003). Because n-alkanes are a major component of 458 epicuticular waxes, which cover leaf surfaces, n-alkanes in leaf surfaces can easily be ablated 459 by wind and dust. It is generally accepted that plant wax n-alkanes can be transported in the 460 atmosphere to offshore regions. In the forested site, it is expected that ablated waxes will 461 accumulate in the air, suggesting atmospheric input may be important in addition to fluvial 462 delivery. However, aerosol samples were not collected in the study area and thus it is difficult 463 to evaluate the importance of organic aerosol input to the lake sediments. In order to further 464 assess the delivery processes of n-alkanes deposited in the Lake Shumarinai sediments, 465 further work including the study of leaf waxes and organic aerosols are needed. 466 467 468
CONCLUSIONS 469
Multi-proxy approaches including C 27 /C 31 and P aq together with the stable carbon and 470 hydrogen isotopic composition of n-alkanes were for the first time applied to geochemical 471 samples in the Dorokawa watershed system, northern Japan, to assess sources and delivery 472 process of terrestrial organic matter. Molecular distributions and stable carbon and hydrogen 473 isotopic compositions in soils reflect in situ vegetation in Dorokawa drainage basin. Based on 474 the molecular distributions, n-alkanes in forest soils are largely suggested to originate from 475 tree leaves while those in wetland soils are mostly derived from wetland grass and moss. 476
Stable carbon isotopic compositions of n-alkanes showed greater contributions of C 3 477 angiosperms as a source of n-alkanes in soils of the Dorokawa catchment. Hydrogen isotopic 478 compositions of n-alkanes discriminate forest-and wetland soil-derived n-alkanes, which 479 showed higher and lower values, respectively. A δ 13 C vs. 
